Abstract -In this study, the spatial distribution of nutrient stocks (K, Ca, Mg and P) was examined in humus and soils at the forest massif scale (Fougères forest, France). A random stratified sampling plan including 100 sampling points was used and three potential variation factors of nutrient stocks were tested: age of stand, type of stand (broad-leaved or coniferous trees) and type of soil. Sampling classes were then compared and the variation factors were examined. Results demonstrated that nutrient stocks in the humus were not influenced by the cited factors and only the type of soil influenced nutrient stocks in soils. In fact, stocks of exchangeable elements in soils were much higher in Colluviosols-Fluviosols which show redoximorphic characteristics, and available phosphorus stocks were lower than in Alocrisols-Neoluvisols. Moreover, a low variability of nutrient stocks was observed in Alocrisols-Neoluvisols as opposed to Colluviosols-Fluviosols, which may suggest the existence of other variation factors not taken into account in this study (hydromorphic gradient, type and age of stand in hydromorphic zones). 
INTRODUCTION
In forest ecosystems, the mineral fertility of soils is an important parameter controlling the productivity and sustainability of the system [31] . The soil operates as a reactor which accumulates or releases nutrients related to ecosystem parameters [37] . As opposed to agriculture, nutrient recycling is specific to forest ecosystems and usually maintains soil nutrient stocks at constant levels. However, forest ecosystems are fragile and Bonneau et Ranger [9] reported a decline in the soil mineral fertility of several French forests. The stocks of nutrients and the factors which influence these stocks have already been investigated at local scales as part of a study of the components of biogeochemical cycles in forest ecosystems. However, further developments at larger scales are required to provide accurate spatial information about forest soil nutrient supplies and about factors influencing these stocks. * Corresponding author: nys@nancy.inra.fr
In France, nutrient stocks of K, Ca, Mg (exchangeable) and P (available) in forest soils vary within a broad range of values, from 100 kg.ha −1 to 10000 kg.ha −1 [34, 36] . A lot of factors influence the nutrient stocks and to obtain accurate information about them, their spatial variability must be considered. For that, the vertical and lateral heterogeneity may be subdivided [3] .
Vertical distribution of stocks in forested landscapes is generally characterised by nutrient accumulation in organic horizons in the topsoil. The sequence of mechanisms that shapes the vertical distribution of soil nutrients can be grouped into three major processes: biogeochemical cycling, biological cycling and plant cycling [22] . Lateral variability of stocks is more difficult to characterise, due to the greater number of factors which influence nutrient stocks at different spatial scales. In fact, some forest soil properties may vary over only a few metres or less, while other properties may vary at the kilometre scale [20] . Regarding short range variability, several studies point out that individual trees can affect the chemical properties of soil (such as pH, organic carbon, Ca, Mg, P and N concentrations) in their proximity, at ranges of 25 m or less [8, 11, 19, 20, 38] . Regarding wide range variability (ranges superior to 50 m), studies have proved that soil chemical properties vary with soil type, present pedogenesis, nature of parental material [45] , soil position in the landscape [43] , tree species [4, 5] , stand age [18, 28, 29, 47] and type of forest management [32] . The major difficulty is that wide range variability may be concealed by short range variability.
The number and sometimes the complexity of the variation factors previously cited probably explain the small number of spatial distribution studies on soil chemical properties under forest [10, 20, 28, 39, 48] . Further developments in this domain are also required and could improve the future management of forests (for example, well thought-out enrichment in damaged forest ecosystem or the choice of appropriate forest species) in a context of ecosystem sustainability [31] . Several approaches, summarised by Ryan et al. [39] , make the study or the cartography of nutrient stocks possible: the use of environmental correlation models [39] , geostatistical methods [20] or stratification methods [10, 28, 48] which offer advantages. In fact, stratification, following detailed identification of variation factors, allows one to investigate the distribution of element stocks at different spatial scales at an acceptable cost, such as the carbon in Lecointe et al. [28] .
The aim of this study was to examine the spatial variability of nutrient stocks (exchangeable K, Ca, Mg and available P) in the humus and soils, at a forest massif scale (Fougères, 1660 ha). The objectives were (i) to determine which factors among those studied (age of stand, type of stand and type of soil), influence the nutrient stocks in soils and humus, and (ii) to verify whether a stratification method previously used to investigate carbon stocks could be used for nutrient stocks. For that, we reused a stratification method initially developed by Lecointe et al. [28] for the estimation of carbon stocks at the same site. Measurements at sampling points distributed throughout the forest massif, allowed us to estimate the nutrient stocks at specific points. These stocks were then calculated for each sampling class and classes were then compared.
MATERIALS AND METHODS

Experimental site
The study was carried out in the state forest of Fougères (1660 ha), located in north east Brittany, France (48
• 23' 4" N; 1 • 8' 10" W). Beech (Fagus sylvatica) covers 75% of the forested surface and oak (Quercus robur) 15%. Conifers (mainly Pinus sylvestris L. and P. laricio Poir.) covered 8% of the forested area before the 1999 storm. The climate is temperate oceanic with a mean annual precipitation of 868 mm and a mean annual temperature of 12.9
• C [26] . The difference between the maximum elevation (191 m) and the minimum elevation (115 m) is slight, but there are numerous small valleys and the stream network is highly developed.
The bedrock is a granite (Vire type) and the weathered substrate thickness fluctuates between 3 and 5 m [46] . A non-carbonated Aeolian loam covers the main area of the forest. The loam is about 1.5 m thick in the south and east of the forest, and less in the west; it contains about 15% clay and 75% silt [28] . Toutain [44] pointed out the homogeneity of these forest soils, which are mainly classified as Alocrisols-Neoluvisols [1] . Nevertheless, the soil type changes with landscape position and Colluviosols-Fluviosols [1] were identified in the valley bottoms [28] and show redoximorphic characteristics.
For this forest, Jabiol [21] pointed out that the humus forms depend especially on the age of the stands: a mull in the young stands, which is progressively transformed into a moder in the older stands.
Sampling strategy
A quantification of organic carbon stocks had already been carried out on this area in 2003 [28] . The same humus and soil samples, collected in April 2003, were used as a basis for this study. The sampling strategy was a random stratified plan, based on the available cartographic information, i.e. the ONF forest stand map and also the 1/15000 soil map [44] . Three factors (their choice is justified in [28] ) were considered to discriminate the variation of carbon stocks: stand age, stand type (broad-leaved or coniferous trees) and soil hydromorphy. In this way, 6 independent sampling classes were created: -4 classes of broad-leaved trees with different ages: 0-15 years old including regeneration plots (class 1), 15-60 years old (class 2), 60-90 years old (class 3) and > 90 years old (class 4). -1 class of conifers of all ages (class 5), which occupied 8% of the forest before the 1999 storm; different age classes could not be distinguished due to the small areas covered by these species. -1 class of hydromorphic zones (class 6) which occupies 9% of the forest.
One hundred points were therefore sampled throughout the forest; the number of points in each class was approximately relative to the surface area of the class. Thus, there were 20 points for each broadleaved trees class (class 1 to 4), 10 points for the class of coniferous stands (class 5) and 10 points for the hydromorphic zones (class 6). For each class, the position of the points was chosen randomly on a 200 m interval sampling grid; points were located in the field by GPS (maximum error: 25 m). Soil was sampled at each point using a drill auger and detailed descriptions were made. Descriptions revealed 92 Alocrisols-Neoluvisols and 8 Colluviosols-Fluviosols. The 8 Colluviosols-Fluviosols all belonged to sampling class 6 (hydromorphic zones), but 2 sites of this class have been identified as Alocrisols-Neoluvisols, due to the lack of precision of the 1/15000 soil map [44] . The classes and the 100 sampling points are presented in Figure 1 .
For each point, 5 humus samples including all the organic horizons (Ol, Of and Oh [1] ) were collected within a 0.1 m 2 quadrat, at a maximum distance of 5 m around the central point. For the mineral soil, samples were collected at 6 different levels: 0-5 cm, 5-15 cm, 15-30 cm, 30-45 cm, 45-60 cm and 60-70 cm. For the topsoil samples (0-5 cm, 5-15 cm), 4 other samples were collected below the humus sampling points to obtain a composite sample.
Laboratory analyses
For each site, humus samples were oven-dried separately at 65
• C to a constant weight, to determine the dry matter; then, samples were mixed in order to obtain a homogeneous composite sample. Total C and N were determined by a carbon nitrogen elemental analyser (CHN: NCS2500, ThermoQuest) following fine grinding of the samples [28] . Total K, Ca, Mg and P were determined by ICP-AES (Inductively Coupled Plasma-Atomic Emission Spectrometry) following wet mineralisation.
Soil samples were air dried for several days and sieved to remove the fraction superior to 2 mm. Particle size fractions were determined for levels 5-15 cm, 30-45 cm and 60-70 cm (NF X 31-107). Carbon and nitrogen were determined by a carbon nitrogen elemental analyser [28] [15] . The CEC e f f ective (ECEC) and base saturation were calculated for each sample. Samples were also analysed for available P [17] and pH w according to the norm NF ISO 10390.
The calculation of nutrient stocks was thus based on concentrations of total K, Ca, Mg and P for the humus and concentrations of exchangeable K, Ca, Mg and available P for the soils.
Stock calculation
The local humus stocks were calculated for total C, N, K, Ca, Mg and P, using the formula:
where: Sh(x) (kg.ha −1 ) is the humus stock of a nutrient x, MS (g.m −2 ) the dry matter content (mean of the 5 samples) and X (g.kg −1 ) the nutrient concentration.
The local soil stocks (0-70 cm) were calculated for C, N, exchangeable K, Ca, Mg and available P. The calculation was based on the following formula:
where: Ss(x) 0−70 (kg.ha −1 ) is the soil stock of a nutrient x, X i (g.kg −1 ) the nutrient concentration of the layer i, D i (g.cm −3 ) the soil massdensity of the layer i and T i (cm) the thickness of the layer i.
Soil mass-density was predicted using a statistical model [6] :
where: D i (g.cm −3 ) was the soil mass-density of the layer i, C i (%) the carbon concentration of the layer i, S the percentage of sand and E the percentage of the > 2 mm particle size fraction. For our study, the percentage of sand was fixed at 20% (mean of the 100 sites, all depth mixed together), and the percentage of the > 2 mm fraction at 0% (no particles > 2 mm were determined on the soil samples). An external validation was performed in situ: 18 points were chosen out of the 100: 14 Alocrisols-Neoluvisols and 4 redoximorphic soils (Colluviosols-Fluviosols). Three volumetric samples were collected (cylinder diameter = 8 cm, height = thickness of the level considered) for each level at each point. Samples were oven-dried at 105
• C to a constant weight to determine the soil mass-density; the soil massdensity was the average of the 3 samples for this level.
Statistical and spatial analysis of nutrient stocks
As the mapping plan was based on a randomly stratified strategy, spatial analysis of nutrient stocks depended on statistical comparisons (18.6) between sampling classes. For each nutrient, means of each sampling class for the humus and 0-70 cm soil stocks were compared using a multiple comparison Tukey test. If the differences were not significant, classes could be regrouped for further analysis or representations. The influence of factors on nutrient stocks in humus and soils were thus examined: the "stand age" for broad-leaved trees, the "stand type" (broad-leaved or coniferous trees) and the "hydromorphic character" of soils which will be associated in this paper with the factor "soil type"; except for two sample sites, these hydromorphic zones (class 6) have always been identified as ColluviosolsFluviosols, not found in the other sampling classes.
In addition, Pearson correlation tests were performed for each element between humus total nutrient stocks and exchangeable (K 2 O, CaO, MgO) or available (P 2 O 5 ) nutrient stocks contained in the upper levels of the soil (0-5 cm and 0-15 cm).
Statistical analyses were performed using Unistat 5.0 software and all significant statistical tests were at the 5% threshold.
A quantification of errors related to point stock estimation was performed using Monte-Carlo simulation methods [13] . We carried out simulations to try to quantify the accuracy of the evaluation of a point-based soil nutrient stock. The principle is based on a simulation relationship between parameters entered into the model respecting the distribution laws for each parameter. For the soils and the humus, the errors on stocks due to sampling and analyses remained relatively small. The main source of uncertainty lay in the model estimating bulk mass-density (Tab. II). Using 1000 simulations we evaluated the effect of these measurement errors on nutrient stocks in the soil after grouping classes 1 to 5 (broad-leaved and coniferous trees), as no significant differences between these classes were observed.
RESULTS
Properties of Fougères forest soils
The pHs (w) of Alocrisols-Neoluvisols were very low (Tab. I), with an increase from the surface downwards, from 3.8 to 4.5. These soils were desaturated (BS < 20%) for almost all levels. The percentage of exchangeable aluminium on the soil exchange complex was > 50% in the topsoil and > 80% in the lower levels. Protons occupied about 15% of the soil exchange capacity in the topsoil and 5% at depth. The cation exchange capacity decreased from the surface to depth, from 8.7 cmol+.kg −1 to 1.8 cmol+.kg −1 at 30-45 cm, with an increase in the deepest level to 3.1 cmol+.kg −1 . The pHs (w) were higher for Colluviosols-Fluviosols than for Alocrisols-Neoluvisols; nevertheless, an increase from the surface to depth (4.5 to 4.9) was also observed. These soils were meso-saturated (50% < BS < 80%); the percentage of base saturation increased with depth, related to the decrease of the percentage of exchangeable aluminium on the soil exchangeable complex (40% in the topsoil to 25% in the deeper levels). The cation exchange capacity was higher than for the Alocrisols-Neoluvisols, and decreased from 10.7 cmol+.kg in the surface to 4.4 cmol+.kg −1 in the deepest level. According to the confidence interval, the soil properties of Alocrisols-Neoluvisols were always less variable than Colluviosols-Fluviosols.
Validation of soil mass-density estimation
Results of the external validation are presented in Table II. The Belkacem et al. [6] model slightly underestimated the mass-density observed for the 18 sites (mean error = 0.06 g.cm −3 ). Predictions by the model were better when hydromorphic soils were removed from the calculation, especially for the intermediate levels; in fact, the RMSE decreased from 0.23 g.cm −3 to 0.12 .cm −3 for the 30-45 cm level.
Correlation between soil and humus stocks
Pearson correlations between total nutrient stocks in humus and exchangeable (K, Ca, Mg) or available (P) stocks in the 0-5 cm and 0-15 cm soil levels (Tab. III) were not significant, except for K 2 O, and this correlation was very weak (0.23).
Lateral distribution of nutrient stocks
Nutrient stocks in humus
Statistics of nutrient stocks for the humus and for each class are presented in the humus stocks between classes whatever the nutrients were, except for K 2 O stocks which were lower in coniferous stands (86 kg.ha −1 ) than in other classes. Figure 2 shows the dry matter stocks and nutrient concentrations in the humus, related to the defined classes. The dry matter stocks were about 50 t.ha −1 in the oldest broadleaved tree classes (classes 3 and 4) and in the coniferous class (class 5), while they were < 40 t.ha −1 in the other classes, although no significant differences were observed due to high within-class variability. Except for P, total nutrient concentrations were generally lower in the coniferous stands (class 5) than in other classes, although few significant differences were observed. Conversely, except for P, total nutrient concentrations were always higher in the hydromorphic zones (class 6), and significant differences were observed between class 6 and classes 3, 5 and 4, except for K in class 4. 
Nutrient stocks in soil
The soil stocks were significantly higher in the hydromorphic zones (class 6) for exchangeable CaO and MgO, respectively 3690 kg.ha −1 and 1432 kg.ha −1 compared to other classes (Tab. IV). Conversely, available P 2 O 5 stocks (913 kg.ha −1 ) were significantly lower in the hydromorphic zones than in other classes. As for classes 1 to 5, low variability was noticed within classes and there was no significant difference between classes.
Vertical distribution of nutrient stocks
The distribution of soil nutrient stocks related to depth and sampling class is presented in Figure 3 . Differences between total soil stocks in classes 1 to 5 were not significant (Tab. IV) and classes 1 to 5 were therefore amalgamated for this representation.
Exchangeable K 2 O stocks in classes 1 to 5 were equitably distributed with depth, with about 50 kg.ha −1 in each level sampled, while the profile of exchangeable K 2 O stocks in class 6 was convex, with a maximum in the 15-30 cm level (75 kg.ha −1 ) and minimums in the 0-5 cm and 60-70 cm levels (about 40 kg.ha −1 ). Exchangeable CaO stocks in classes 1 to 5 decreased from the surface to depth from 67 to 24 kg.ha −1 , whereas the profile of exchangeable CaO stocks of class 6 was convex like that of K 2 O stocks, with however a deeper observed maximum equal to 812 kg.ha and then increased in the deepest levels up to 38 kg.ha −1 . The profile of exchangeable MgO stocks in class 6 was convex too, with a maximum of 401 kg.ha −1 observed in the 45-60 cm level and a minimum of 84 kg.ha −1 in the 0-5 cm level. Profiles of available P 2 O 5 stocks related to depth were convex whatever the class; however, the convex distribution was more pronounced in classes 1 to 5 than in class 6, with maximums equal to 385 and 214 kg.ha −1 and minimums of 100 and 60 kg.ha −1 respectively. According to the confidence intervals, the variability was low in classes 1 to 5 whatever the level and the nutrient, whereas variability in class 6 was higher than other classes whatever the level, generally with maximum variability in the intermediate levels.
Accuracy of the estimates
The Monte Carlo approach provided a quantification of the accuracy of the evaluation of a point-based soil nutrient stock. The uncertainty in classes 1 to 5 was revealed by the standard deviation of soil stocks which was 22.8 kg.ha 
DISCUSSION
We recall for the discussion, that sampling classes 1 to 5 corresponded to Alocrisols-Neoluvisols while class 6 corresponded mainly to Colluviosols-Fluviosols (8 sites for a total of 10 sites in this class).
Nutrient stocks in humus and soils
Total nutrient stocks in the humus represented a large part of the exchangeable nutrient stocks contained in the 0-70 cm level (Tab. IV): about 70% for CaO and about 40% for K 2 O and MgO. In an ecosystem characterised by poor fertility, as in the Fougères Massif, the recycling of the most limiting elements for plant growth by biological cycling is of primary importance [35] . Therefore nutrient stocks in the humus represented a large part of the exchangeable nutrient stocks of soils and were particularly essential, and all the more so because these nutrients were the mostly easily available. Conversely, total phosphorus stocks in the humus represented less than 10% of the stock of available phosphorus contained in the 0-70 cm level (Tab. IV), as it was not a limiting element in the Fougères Massif ecosystem.
The relationships between stocks in humus and stocks in the upper soil horizon were not significant, except for K 2 O (Tab. III), which demonstrated a complex relationship between these two contiguous components of the ecosystem. Few studies deal with the relationship between stocks in humus and stocks in the upper soil horizon ; nevertheless, we may suppose that a distinction between the humus layers (Ol, Of and Oh) and division of the surface soil into thinner sampling levels would have shown better relationships between humus and soil nutrient concentrations or stocks, as in Chodak et al. [14] .
Consequently, as the relation between humus and soil surface stocks was insignificant or very weak for K 2 O (Tab. III), we chose to discuss these two components of nutrient stocks separately.
Factor influence on humus stocks
Effects of stand characteristics
Total nutrient stocks in the humus related to the age of the stands may be tested only for broad-leaved trees (mainly beech), as all ages were mixed for classes 5 (coniferous) and 6 (hydromorphic zones). Concerning classes 1 to 4, the age of stand had no significant effect on total humus nutrient stocks, whatever the element (Tab. IV), at the forest massif scale. However, the two components used for stock calculation in humus were affected by this factor (Fig. 2) . On the one hand, the concentrations of total elements in humus decreased with the ageing of the stands, probably due to a superior concentration of nutrients in leaves returned to soil in the younger stands [16, 26] . On the other hand, the dry matter stock under beech in the Fougères massif increased with the age of the stand (Fig. 2) , related to the transformation of mull to a moder humus type, and with a thickening of the humus layers (Of and Oh). This phenomenon has already been observed by other authors [27] . So, total nutrient concentrations varied inversely with stocks of dry matter during the ageing of the broad-leaved stands, and the calculation of total nutrient stock in humus resulted in a fairly constant value, independent from the age class of the stands.
The comparison of total nutrient stocks in class 5 with classes 1 to 4 suggested that in the context of the Fougères massif, the type of stand (broad-leaved or coniferous trees) did not influence the total nutrient stocks in the humus (Tab. IV). The chemical composition of foliage returned to the soil influenced the nutrient status of humus; coniferous trees usually have lower foliage concentrations of K, Ca and Mg than broadleaved trees [5] , such as beech [24] . Thus, litterfall of broadleaved trees can be richer in nutrients than conifers [5] . Except for P, this tendency was respected for total element concentrations in the humus of the Fougères massif; in fact contents were always lower under coniferous than under broad-leaved tree stands, although no significant differences were observed except for K (Fig. 2) . For the Fougères massif, the higher stock of dry matter under coniferous compared to broad-leaved trees resulted in total nutrient stocks in humus being homogeneous between broad-leaved trees and coniferous stands, except for K 2 O.
Effects of the soil hydromorphy
The hydromorphic characteristics of Fougères soils did not significantly influence total nutrient stocks in humus; the generally higher concentrations of elements in class 6 compared to other classes (Fig. 2) were compensated for in terms of stocks by the lower quantity of dry matter in that class. However, the variable humus forms on these hydromorphic soils may present very diverse properties or functioning; so, the amalgamation of all these waterlogged humus forms in the same class increased the intra-class variability and the low number of each form meant that our observations could not be explained.
Factor influence on soil stocks
Effects of stand characteristics
At the scale of the Fougères Massif, exchangeable or available nutrient stocks in the soil were homogeneous in classes 1 to 4 and 5, namely within broad leaved tree stands and coniferous stands (Tab. IV). There was no significant effect of the type of stand on nutrient stocks. Present understanding of the effects of tree species on soil fertility remains very incomplete and there is no complete agreement on a species ranking with respect to their potential effects on soil fertility [2, 25, 33, 42] . Time is often a limiting factor in these studies, as the impact of species on soil characteristics at a time scale of a few decades is often significant only in the first 10 cm of the topsoil [5] . Binkley [7] reported that conifers often occur on poor soils, but no generalisation about impoverishment by conifers is apparent from ordinary experiments, which was confirmed by the Fougères forest massif.
On the other hand, in the context of the Fougères massif, the age of broad-leaved trees stands did not have any effect on the nutrient stocks in soils whatever the element. It was for that reason that Ovington [33] criticised short term studies and emphasised that changes with time were not as great as papers indicated, due to faulty experimental layout. Anderson [2] concluded that over a whole rotation, the effect on soil may not be as significant as suggested by data analyses of samples taken in early to mid-rotation.
Effects of soil type and hydromorphy
In the Fougères massif, soil type was the principal factor studied which shaped the vertical distribution of exchangeable or available nutrient stocks (the differences between classes 1 to 5 and class 6 are shown in Fig. 3) . A lower stock variability by level was observed in the Alocrisols-Neoluvisols compared with the Colluviosols-Fluviosols (Fig. 3 ) and confirmed the high spatial variability of soil properties in these locations [12, 23, 30, 41] .
Although the vertical distribution of exchangeable element stocks (K 2 O, CaO, MgO) depended on the element considered, the greater part of soil nutrient stocks for the AlocrisolsNeoluvisols (classes 1 to 5) was located in the upper horizons of the soil, except for exchangeable MgO. The vertical distribution of nutrient stocks in this type of soil followed the decrease of ECEC with depth (Tab. I), which may be explained by the exponential decrease of carbon contents in the Alocrisols-Neoluvisols of the Fougères Massif [28] . On the other hand, according to Jobbagy et Jackson [22] , the vertical distribution of soil nutrients will be shallower as nutrients become increasingly scarce. In fact, biological cycling by plants exerted a dominant control on the vertical distribution of the most limiting elements for plants [22] . This control may occur in the Fougères ecosystem (characterised by poor fertility) and explain the accumulation of exchangeable nutrients in the upper soil horizons of the Alocrisols-Neoluvisols.
Colluviosols-Fluviosols (class 6) had larger stocks than Alocrisols-Neoluvisols and a different exchangeable element stock (K 2 O, CaO, MgO) distribution, especially when depth increased (Fig. 3) . A high ECEC value (Tab. I), whatever the depth, combined with the increase of soil mass-density with depth could result in superior stocks in the deepest levels. In this type of soil, a large part of the ECEC may be attributed to organic matter, the soils being an accumulation of several organic and mineral levels due to successive deposition. In any case, Lecointe et al. [28] reported that organic carbon stocks in the soil were twice as high in Colluviosols-Fluviosols as in Alocrisols-Neoluvisols. The differences between nutrient stocks in these two types of soil were very high for CaO and MgO, stocks being much higher in Colluviosols-Fluviosols. It is supposed that these elements were present in large quantities in that location, probably released by alluvial and colluvial materials or supplied by water-table fluctuation.
The vertical allocation of available phosphorus stocks was relatively similar between the two soil types, but with lower stocks in the Colluviosols-Fluviosols (Fig. 3) . Lyons et al. [30] noted that soil properties, such as organic matter, soil moisture, pH, amorphous Fe and Al are known to influence phosphorus retention. Stevenson [40] specified that organic matter may coat Fe and Al oxides, thus blocking potential sorption sites and decreasing phosphorus adsorption. As organic carbon stocks in the soils of the Fougères Massif were twice as high for Colluviosols-Fluviosols as for AlocrisolsNeoluvisols [28] , we suppose that this type of phenomenon occurred and decreased the phosphorus adsorption potential.
Consequently, the vertical allocation of exchangeable or available nutrient stocks in soils led to large differences between soil nutrient stocks in classes 1 to 5 (AlocrisolsNeoluvisols) compared to class 6 (Colluviosols-Fluviosols) (Tab. IV). Thus, the type of soils in the Fougères Massif had a large influence on the lateral distribution of nutrient soil stocks. On the other hand, the wide variability previously observed, by level, in class 6 logically affected to the total soil nutrient stocks, which then showed the largest intra-class variability (Tab. IV). Conversely, the intra-class variability in the Alocrisols-Neoluvisols (classes 1 to 5) was generally low.
Accuracy and limits of the study
For total nutrient stocks in humus, the statistical analyses proved that there were no significant differences between sampling classes. The highest variability of total nutrient stocks in humus was the intra-class variability, especially for classes 1 (youngest broad-leaved trees), 5 (coniferous class) and 6 (hydromorphic zones) (Tab. IV), which could be partly explained by the construction of these classes. In fact, class 5 regrouped all coniferous species, of all ages combined. Class 6 regrouped all of the hydromorphic zones, amalgamating all the waterlogged humus forms. Class 1 regrouped all the youngest broad-leaved trees and the regeneration stands (with seedling trees still in place) were integrated into this class. Finally, all these groupings contributed to the increase of intra-class variability and proved that the choice of these 6 sampling classes was not necessarily accurate and the number of sampling classes needed to be increased in classes 1, 5 and 6. Nevertheless, this sampling design allowed the differences in nutrient contents and dry matter quantity between classes to be observed (Fig. 2) .
For exchangeable or available nutrient stocks in soils, we could have obtained the same results using fewer classes (2 instead of 6), as for the total nutrient stocks in humus. Nevertheless, nutrient stock variability in soils was low for classes 1 to 5, which proved that no other major factor variation occurred. However, uncertainty about the estimation of nutrient stocks in soils was higher in the hydromorphic zones than in other classes. In fact, we evaluated the effect of these measurement errors on nutrient stocks in the soil, to be ∼8% for the sampling class groups 1 to 5 and ∼14% for class 6. Thus, the number of sampling classes needed to be increased in hydromorphic zones depending on the degree of hydromorphy and on the type and age of stands. This would have provided a better understanding of the factors causing variation in soil nutrient stocks.
CONCLUSION
The method, combining point estimates and existing maps with a scale change, was initially designed to estimate the total carbon stocks of the whole forest but the use that we made of it appeared accurate. This method allowed us to analyse the spatial distribution of nutrient stocks (K, Ca, Mg and P) at the scale of a forest massif for humus and soil (0-70 cm) and among the studied variation factors, we identified those influencing the nutrient stocks.
For the humus, neither the type nor the age of the stand, nor the hydromorphic character of the soils, significantly influenced the total nutrient stocks. Nevertheless, a large part of the variability was not explained and other variation factors may occur.
For the soil, stand characteristics did not influence exchangeable or available nutrient stocks, the only significant variation factor being the soil type. In fact, stocks of exchangeable elements were much higher in ColluviosolsFluviosols, and available phosphorus stocks were lower than in Alocrisols-Neoluvisols. On the other hand, AlocrisolsNeoluvisols presented a low nutrient stock variability, which proved that no major variation factor occurred. Conversely, nutrient stock variability found in Colluviosols-Fluviosols (which show redoximorphic characteristics), combined with a higher uncertainty of stock estimation, may suggest the existence of other variation factors not taken into account in this study.
Further developments are thus required, particularly when working on the hydromorphic gradient and the type and age of stand in hydromorphic zones. However, this method may allow nutrient stocks to be mapped accurately at the whole forest scale and results obtained could be included in the future management of forests. Lastly, results obtained may also be used in the framework of modelling nutrient cycle in forest ecosystems.
